Abstract-A new current control method based on the internal model principle in control theory is proposed. It introduces a sinusoidal internal model into the control system. It does not use any coordinate transformations. The method can be used for tracking an arbitrary number of harmonics: a dc component or fundamental frequency component signal. It is applied to a single-phase pulsewidth modulation inverter and active filter. The validity is confirmed by simulation and experimental results.
I. INTRODUCTION

M
ANY POWER electronic inverter applications, such as active filters (AFs), require an output current which can be designed to have a specified output frequency spectrum. If the system is three phase, the rotating reference frame produced by the synchronous -coordinate transformation offers a useful solution because the synchronous -transformation converts a fundamental reference frequency signal into a dc signal [1] . A conventional proportional and integral (PI) compensator can be applied to the variables in the rotating reference frame so as to achieve a zero steady-state error in response to step commands. Then, variables in the rotating reference frame must be restored in the stationary three-phase reference frame using the inverse -transformation. Typical examples are seen in a current control system in ac drives [2] .
However, if the system is single phase, the synchronouscoordinate transformation cannot be applied. Also, if a disturbance in a three-phase system is dc, steady-state errors always remain, even if the synchronous -coordinate transformation and a PI compensator are used.
To solve the above problems, this paper proposes a new stationary reference frame control method that is based on the internal model principle [3] from control theory. The method introduces a sine transfer function [4] , [5] with a specified res-onant frequency into the current compensator. Thus, the gain of the open-loop transfer function of the control system goes to infinity at the resonant frequency, which ensures that the steady-state errors in response to step changes in a reference signal at that frequency reduce to zero. Furthermore, the proposed method removes the effects of a dc and ac disturbance with the resonant frequency.
In this paper, the proposed method is applied to only a singlephase system because a single-phase system is the best example to demonstrate the usefulness of the proposed method. However, the method is applicable to three-phase systems as well. In this case, the synchronous -and inverse -coordinate transformations, which are required when variables in a three-phase system are treated in the rotating reference frame, are not necessary.
II. INTERNAL MODEL
A. Internal Model Principle
The internal model principle implies that, in a feedback system, the output of a control object follows its reference input without a steady-state error if the system satisfies the following two conditions [3] .
1) The closed system is asymptotically stable.
2) The open-loop transfer function of the system includes a mathematical model which can generate the required reference input. Let us take a sinusoidal reference signal as an example and prove that the steady-state error will be zero, if the internal model principle is satisfied. Consider a simple feedback system, where the transfer functions of the compensator and the control object are and , respectively. Let , and denote the reference, error, and output signal, respectively. Then, the open-loop transfer function will be given by
For the sinusoidal reference or
The error between and can be expressed as follows:
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The error can also be expressed as where the coefficients and are given by
Since has poles and from condition 2), the denominator of can be expressed as (6) it follows that and or
Thus, the last two terms in (3-2) disappear, guaranteeing the reduction of the error to zero as time elapses. In a similar manner, it can be easily proved that the effects of an ac disturbance at the frequency can be eliminated.
B. Sinusoidal Internal Model
Consider the control system in which the reference input signal is sinusoidal. Based on the internal model principle, the compensator with a sinusoidal transfer function is required. There are two alternatives for the sine transfer function. One is the Laplace transform of a cosine function with a resonant frequency , and the other is that of a sine function . They are given by
The Bode diagrams of and are compared in Fig. 1 . It is observed that has a sufficient amount of phase margin, 90 , but the phase margin of is 0 . Therefore, if were employed for the sinusoidal internal model, the feedback control system would probably be highly underdamped. This situation is examined by simulation studies. Fig. 2 shows a simple current control system with a compensator which consists of a proportional, integral, and transfer function for a sine wave (PIS compensator). The current reference is a sinusoid with the amplitude of 5 A and the frequency of 50 Hz. The load consists of and mH connected in series. Responses when the resistance is increased stepwise from 10 to 20 at 0.04 s are simulated. The gains of the compensator are V/A, and V/(A s). Fig. 3(a) shows the current responses when is used for the sinusoidal internal model. One can observe that the error rapidly reduces to zero. Fig. 3(b) shows the responses when is used for the sinusoidal internal model. One can observe that the system is highly underdamped and the error reduces very slowly toward zero. This is because the phase margin is insufficient. Therefore, it is important to note that the cosine function should be chosen for the sinusoidal internal model.
In this paper, in (8) is called the sine transfer function. The gain of the sine transfer function is theoretically infinite at the resonant angular frequency, namely, the gain of the open-loop transfer function goes to infinity at . Fig. 4 shows the block diagram of the sinusoidal internal model , where the input and output are and , respectively, and the gain is .
C. PIS Compensator
Fig . 5 shows a current control system of a single-phase pulsewidth modulation (PWM) inverter in which the compen- sator consists of a proportional, integral and transfer function for a sine wave, i.e., the PIS compensator. The transfer function of the PIS compensator is (9) where denotes the resonant frequency of the sine transfer function and should coincide with the frequency of the sinusoidal reference input. It is noted that the second term of (9) constructs an internal model for a dc reference input. Thus, (9) The Bode diagram of is shown in Fig. 6 , where is assumed unity. The gains and parameters are given in Section III-B.
It is observed that the gain exhibits almost an infinite value at the resonant frequency . This situation holds even if is not unity because goes to infinity at . The frequency band around has a high gain. Then, the steadystate error differs only slightly from zero if a small difference between the reference and resonant frequency exists. Fig. 7 shows a phase margin versus gain characteristic of under . A higher tends to construct a more robust control system, but results in a smaller phase margin. Practically, a very high was not necessary as the following experimental results indicated.
B. Experimental Results
An experiment of current control using a single-phase PWM inverter was carried out in order to confirm the basic performance of the sinusoidal internal model. Fig. 5 shows the current control system. Two cases were investigated for comparison purposes: one was with a PI compensator and the other was with a PIS compensator. Since a dc component was not required in the reference current, the integral action was omitted at first. The gains were , and for the PIS compensator, and and for the PI compensator. The dc input voltage of the PWM inverter was 150 V. The load parameters were and mH. The amplitude and frequency of the reference output current of the inverter were A and Hz, respectively. The unipolar PWM method [7] was used for the inverter control.
Waveforms at steady state when the PI and PIS compensator were used are compared in Fig. 8(a)-(c) . Fig. 8(a) shows that a steady-state error exists when only the proportional (P) compensator was used. Fig. 8(b) shows that almost no steady-state error exists when the proportional and sine (PS) compensator was used, but a very small dc component can be observed in the error. Fig. 8(c) shows the waveforms when an integral action of was included (with the PIS compensator). Since the integral compensator constructs the internal model for a dc signal, the dc component disappeared in the error.
Responses to step changes are shown in Fig. 9 (a) and (b). Fig.  9(a) shows responses when the resistance was reduced stepwise from to at 0.0425 s while keeping A. Fig.  9(b) shows responses when the reference current was increased stepwise from A to A at 0.0452 s while keeping . It is observed that, in both cases, the error reduced to zero in a stable fashion within a half cycle of the output frequency. Fig. 10 shows the single-phase AF and its control system used for the experiment. A diode rectifier, which is the load, generates harmonic components in the load current . The AF takes an inverted form of the load current harmonics, and sums them with the load current. The source current therefore contains only a fundamental component.
IV. SINGLE-PHASE AF
A. Control System Design
Let the load current including a dc component be (12) where takes on only odd integers. If all harmonic components are to be compensated for, the current reference of the AF should be
If, for example, up to the th harmonic components are to be compensated for, the current reference of the AF will be (14)
Then, the transfer functions of the overall compensator should be given by
The sinusoidal transfer function for the fundamental component is introduced in (15) to suppress the effects of the ac mains voltage with the frequency which acts as a disturbance. It is also useful to compensate for the reactive component with the fundamental frequency . The PI compensator is used to accomplish the first criterion. It generates the amplitude of the current reference for the control. The current is, then, multiplied by a sinusoidal signal with unit amplitude, , which is synchronized and in phase with the ac terminal voltage , and becomes an ac current reference signal for the control, -. The sum of andconstitutes the reference signal for the PIS compensator.
The PIS compensator is used to accomplish the second criterion. It processes the current error and makes the voltage reference signal for the PWM converter which forces the actual current to follow its reference -as closely as possible. Gating signals for the converter power devices are obtained using the unipolar PWM method [6] , which is the comparison-based method between a single triangular carrier wave and two reference voltage signals with an opposite phase each other.
B. Experimental Results
A small-capacity single-phase AF system was built and experiments were carried out using it. The PIS compensator of the AF consisted of the sinusoidal transfer functions for the 1st, 3rd 19th harmonic components (all odd integers up to 19), which were implemented using a digital signal processor (DSP) TMS320C32. A proportional action was included in the PIS compensator to improve the dynamic responses, but the integral action was omitted because a dc component was not required in the reference.
The parameters and gains used are shown in Table I . These gain values were selected so that the open-loop transfer function of the AF had a sufficient amount of phase margin. The resonant frequency was , constant. The method proposed in [7] was used for calculating the harmonic and reactive component of the load current. Fig. 11(a) shows waveforms of the load current , the source current , and the compensation current of the AF when only the PI compensator was used. Also, it shows the frequency spectrum of the lower order harmonic components of . One can observe that the compensation was not good enough and the total harmonic distortion (THD) value of was 7.13%, while the THD value of was 27.0%. Fig. 11(b) shows waveforms of the load current , the source current , and the compensation current when the PIS compensator was used. Also it shows the spectrum of the lower order harmonic components of . One can observe that the lower order harmonic components in were well suppressed and they almost disappeared in the waveform. The THD value of was drastically reduced to as low as 1.74%. It is clear that the application of the sinusoidal internal model to an AF control system is very useful.
C. Comparison With Conventional Current Control
In conventional AFs, only a P compensator is used in the current control system. The proportional gain should be high to obtain a small steady-state current error. However, if were very high, the carrier frequency component in the load current would be amplified and appear in the output resulting in unde- sirable performance of AF. Thus, a very high gain cannot be designed for ; as a result, some current error always remains in the output. The effect of a disturbance remains in the output as well.
However, if a PIS compensator having the resonant frequency is used, the following advantages can be found compared with a conventional P or PI compensator.
1) A high proportional gain is not necessary because the gain of the closed loop is infinitely high at the wanted frequencies, and . Hence, the carrier frequency components cannot be amplified.
2) The effects of a dc and ac disturbance with the resonant frequency can be removed.
3) The PIS compensator provides a very robust AF control system. It guarantees that the steady-state current error does not exist even if the parameters, excluding the frequency to be filtered, vary as far as the variation is within the limit with which the closed loop is kept stable. 4) By combining plural S compensators having resonant frequencies only the specified harmonic components at the frequencies can be filtered just like a combination of plural passive LC filters tuned at the respective frequencies. 5) The PIS compensator is also useful for three-phase systems. The above-mentioned advantages also hold in threephase AFs. However, it should be noted that the compensator transfer function for a sine wave (S compensator) is inherently sensitive to frequency variations. If the frequency to be filtered varies in a wide range like harmonic currents generated by a cycloconverter, the corresponding resonant frequency of the S compensator, , must be adjusted to track the varying harmonic frequency. Also, if a large frequency deviation occurs in the utility, some current error may remain. In this situation, must be regulated to track the utility frequency using a phase-locked loop (PLL).
V. CONCLUSION
This paper has proposed a novel current control method suitable for tracking an arbitrary number of harmonics: a dc component or fundamental frequency component signal. The idea is based on the internal model principle from control theory. The method requires an S compensator that can result in zero steady-state current-tracking error for sine wave set points.
The PIS compensator constructs a very robust current control system. However, the S compensator is inherently sensitive to a difference between the reference and resonant frequency. If deviations in the mains frequency are large in AF applications, a PLL can be used for regulating the resonant frequency in accordance with the variations in the mains frequency.
If a PIS compensator is employed in a control system, the following occur.
• The transfer function of the open loop exhibits a large phase change around the resonant frequency where the gain is large.
• The phase margin of the open loop decreases with an increase in the S compensator gain. The above two points may suggest stability problems in the control systems if the PIS compensator is used. However, it was easy to select gain values that provide a sufficient phase margin and excellent control performance. The authors have not experienced any stability problems in their experiment.
Several applications of the proposed method using the PIS compensator have been presented and verified by simulation and experimental results using a single-phase PWM inverter and AF.
It is confirmed using a PWM inverter that the steady-state error for a sinusoidal current reference has been zero. A set of sine transfer functions that results in almost the perfect tracking of harmonic components has been verified using an AF application.
It is obvious that the proposed method is applicable to threephase systems, too. An optimal gain design for the PIS compensator will be a future research project.
The addition of a damping term to the S compensator may be useful for further improving both the stability and robustness against the mains frequency deviations without selecting a higher S compensator gain. This is also a future research project.
